A method for the determination of the optical constants of thin films based on the combination of a waveguide measurement procedure with the spectroscopic measurements made from the UV to the IR is presented. As a test material AlN thin film on sapphire substrates is investigated.
Introduction
A knowledge of optical film parameters such as refractive index n and thickness t is an essential part of optical technology. These optical parameters are usually determined by various spectroscopic or ellipsometric methods. [1] [2] [3] Another approach for the measurement of optical thin-film parameters is the waveguide technique. 4 All of these methods have their own advantages and drawbacks. Spectroscopic measurements in a wide spectral range have an uncertainty in the determination of the exact value of the refractive index as well as the film thickness.
The main advantage of the waveguide technique is high accuracy associated with sharp resonances in the excitation of guided modes. The main obstacle is that only coherent light sources can be used effectively for the determination of optical parameters. As a result, we can obtain only a finite set of points in the entire spectral region of interest. In this paper we present what we believe to be a new model-independent method that combines the advantage of spectroscopic measurements in a wide spectrum with an improved waveguide technique.
Optical Thin-Film Characterization
A general approach to optical thin-film characterization is to use spectroscopic or ellipsometric data. 1 Taking into account that ellipsometry measurements are gradually transformed into the spectroscopic ellipsometry, 2 we will consider both these methods as spectroscopic. The experimentally measured quantities are usually optical transmittance T or reflectance R of the layer and its substrate as a function of the wavelength. Different models for wavelength dependence of refractive index can be used for fitting the experimental data with simulated curves. 3 Thus most of the spectroscopic methods become model dependent. The problem is that every model function has a limited range of validity. It is especially important for thin-film characterization in the UV region, where interband absorption becomes significant.
The waveguide technique is an effective method for optical film characterization. 4 The waveguide technique allows us to determine both refractive index and thin-film thickness provided that at a given wavelength the film supports several waveguide modes. The main obstacle for the waveguide technique is that only a coherent light source can be used for effective excitation of guided modes; we could obtain values of the refractive index only at a single wavelength or a discrete set of available laser wavelengths. The waveguide excitation method does not require a preselected model for the wavelength dependence of the refractive index.
We are offering what we believe to be a new modelindependent method that retains the advantages of spectroscopic measurements in a wide spectrum in combination with excellent accuracy of the waveguide technique. This approach was tested on different waveguide layers, including AlN films. Nitride materials are especially interesting due to their eventual application in UV optics.
Sapphire is commonly employed for MBE growth of III-V nitrides because of its wide availability, relative low cost, ease of handling and pregrowth cleaning, stability at high temperature, and hexagonal structure with a reasonable lattice mismatch with respect to nitrides. In addition, it is favorable that an AlN thin film on sapphire substrates naturally forms a waveguide structure because the refractive index of sapphire is lower than that of AlN. The growth of films was performed in a PSMBE apparatus with a background pressure of 1.2 ϫ 10 Ϫ10 Torr ͑1.6 ϫ 10 Ϫ8 Pa͒. During the film growth an argon-nitrogen flow ͓40͞10 SCCM (SCCM denotes standard centimeters cubed per minute; 1 cm 3 of gas flow per minute at 0°C and atmospheric pressure)] of 99.999% purity was introduced into the hollow cathode plasma source. The plasma was operated at 13.56 MHz with an input power of 200 W. The growth temperature and pressure were 650°C and 1 ϫ 10 Ϫ4 Torr ͑1.333 ϫ 10 Ϫ2 Pa͒, respectively. The substrate was rotated at 1.2 rpm.
Waveguide Characterization
Effective refractive indices can be measured by two main methods: prism coupling and grating coupling. 4, 5 In our work we used both methods. Measurements were made by using available laser sources. These measurements allowed us to cover the wide spectral region from 377 to 1553 nm.
Diffraction gratings were fabricated holographically by using a ϭ 244 nm laser source and a UV5 photoresist. Figure 1 shows the relative efficiency of the waveguide mode excitation using a grating versus trial modal index ñ ϭ sin ϩ ր ⌳, where is the incident angle, ϭ 632.8 nm is the wavelength, and ⌳ ϭ 402.2 nm is the grating period. The maximal efficiency of excitation is achieved when the trial index coincides with the effective refractive index of the guided mode n*. The width of the excitation peak in the ñ scale indicates the accuracy in determining n* in this particular case. A ZnSe prism was also used for waveguide characterization. These measurements allowed an exact determination of the angular position for waveguide mode resonance, and, as a consequence, the value of the effective refractive index was found quite precisely. The set of waveguide modes allowed us to determine the parameters of a defined thin film with high accuracy. The waveguide thickness will be determined by the following dispersion equation for the TE-polarized light:
where is the wavelength, n f is the waveguide film refractive index, n c is the cover layer refractive index, n s is the substrate refractive index, n* is the effective refractive index, and m ϭ 0, 1, 2 . . . is the mode order.
Prism and͞or grating coupling allows for measuring effective refractive indices with high accuracy. The next step is to determine the refractive index of the optical film as well as the film thickness from measured values. The procedure that Ulrich and Torge 4 presented in their original paper devoted to prism coupling is quite complex and relies on computingintensive iteration procedure. There have been many attempts to improve the classical method presented in Ref. 4 . In Ref. 6 the results of the measurements of waveguide modes are presented as film refractive index versus film thickness. It was mentioned correctly that the desired solution for n f and t values could be found at the intersection area for different waveguide modes. However, in their calculation algorithm the authors reverted to a solution by the iteration method proposed by Ulrich and Torge 4 that retained all the problems mentioned earlier. The main obstacle is that even a small anisotropy of a waveguide film could lead to convergence problems. We are proposing a new method that is simpler and gives very accurate values for film refractive indices and film thicknesses. It is necessary to note that an AlN film has anisotropy. However, we excluded the dispersion Eq. (1) from the calculation cycle and minimized the influence of refractive index birefringence. After the measurements were done, we calculated the dependence of the refractive index and film thickness only once. After this, a simple math procedure allowed us to obtain accurate film parameters.
In the right-hand side of Eq. (1) all the parameters are known (n c , n s , , m, and the measured values of n*) except the film refractive index n f . Thus we consider Eq. (1) as a functional relationship t ϭ t m ͑n f ͒ between the film index and the film thickness. Ideally, the curves t ϭ t m ͑n f ͒ on the index-thickness plane must intersect at a single point with coordi- Fig. 1 . Typical angular dependence for a grating-coupled AlN waveguide at ϭ 0.6328 m for sample 1 ͓sin ϭ ͑l͞⌳͒ Ϫ n*͔. , incidence angle; l, diffraction order; , wavelength; ⌳, grating period; n*, effective refractive index.
nates exactly equal to the film index and film thickness. Due to possible measuring errors there might be no single intersection point. To find the film index and film thickness in this case, let us define the average thickness t av as
and root-mean-squared deviation ␦t͑n f ͒ as
where M is the number of the mode. The location of the minimum in the ␦t͑n f ͒ value gives us an accurate value of the thin-film refractive index. The thickness is then found by using Eq. (2). Figure 2 gives the examples for such a procedure made for a three-mode waveguide (sample 1) measured at the ϭ 632.8 nm wavelength. Based on the location and sharpness of the minimum in ␦t͑n f ͒, the film index is found to be n f ϭ 2.136 Ϯ 0.003. The error in n f is estimated by using the following criterion: The thickness deviation ␦t͑n f ͒ must be below the double minimal value min͓␦t͑n f ͔͒.
As a model waveguide, AlN sample 2 with a thickness of approximately 4 m and a refractive index of approximately 2 was chosen. It is necessary to note that this waveguide has anisotropy. As a first step, waveguide effective indices were measured for TEpolarized light at three different wavelengths: 632.8, 831.8, and 1553.0 nm (the measurements at wavelengths of 831.8 and 1553.0 nm were made by a Metricon 2010). Figure 3 presents the results for the waveguide technique applied to this waveguide. As the output of this procedure, we obtained accurate values of n f ϭ 2.0743 Ϯ 0.0001 for a wavelength of ϭ 632.8 nm. The same procedure was applied at wavelengths of 831.8 and 1553.0 nm. We obtained the following results: n f ϭ 2.0572 Ϯ 0.0001 for ϭ 831.8 nm and n f ϭ 2.0333 Ϯ 0.0001 for ϭ 1553.0 nm. The film thickness was then found to be t av ͑n f ͒ ϭ 4.082 Ϯ 0.001. The next step in the procedure was the spectral measurement in the wide spectral range. The spectroscopic measurements were made in the 175-3300 nm spectral range by a Perkin-Elmer Lambda 900 spectrometer; reflection was treated as a function of wavelength. Figure 4 shows schematically the propagation of electromagnetic light through a homogeneous film. The necessary condition for film guiding is n f Ͼ n c , n s . The refractive index and film thickness could be calculated by using the standard Fresnel formula [Ref. 
where for TE-polarized wave we have r cf ϭ n c cos 1 Ϫ n f cos 2 n c cos 1 ϩ n f cos 2 , r fs ϭ n f cos 2 Ϫ n s cos 3 n f cos 2 ϩ n s cos 3 ,
␤ ϭ 2 n f t cos 2 .
The angles 1 , 2 , and 3 are defined by Snell's law: n c sin 1 ϭ n 2 sin f ϭ n 3 sin s . The next step was to determine the optical thickness for which the reflection coefficient has a maximum and minimum.
Neglecting the dispersion of the refractive indices, all analysis of Eqs. (4)- (6) shows that the minima and maxima of R͑͒ appear when n f t ϭ P͞4 cos 2 , p ϭ 0, 1, 2 . . . .
In particular, we have for normal incidence:
and consequently R() is
In our case n c ϭ 1.0003 (air) and we have a film whose optical thickness n f t has any of the following values: ͞4, 3͞4, 5͞4, . . . ; therefore the reflectivity reaches a maximum because in our case the refractive index of the film is greater than the refractive index of the substrate. The reflectivity has a minimum when the film optical thickness has values of ͞2, , 3͞2 . . . . Figure 5 presents experimental data of reflection from AlN film with a sapphire substrate structure (Perkin-Elmer Lambda 900 spectrometer) at an incidence angle very close to normal. For the determination of the exact positions of maxima and minima for spectroscopic data the envelope method has been used. 8, 9 With accurate values of n f at several wavelengths found from the waveguide measurements and a value for t as found earlier to be 4.082 m, we could define the refractive index of the film in the whole spectral range. Figure 6 presents the calibrated curve for the refractive index of AlN in the 350-3300 nm spectral region with the refractive index of the thin film measured by the waveguide method as the reference points.
Comparison with the Pure Spectroscopic Method
The methods of determining a film index by using spectroscopic data, including those not relying on a specific model for the wavelength dependence of the refractive index, are described in the literature. [1] [2] [3] 8, 9 It appears, however, that the accuracy of these methods is overestimated: It is often assumed that the thickness of the film is known, and the error in the film thickness is evaluated by comparing the simulated reflection spectra R s ͑n f , t, ͒ with the measured spectrum R m ͑͒. When the film thickness is fixed Fig. 4 . Propagation of an electromagnetic wave through a homogeneous film. (see, for example, Minkov 9 ), a variation of the film index ␦n f | tϭconst that produces a significant change of R s ͑n f , t, ͒ is accepted as a precise value of the index of refraction found from the spectroscopic data. Such a conclusion is quite deceptive because film thickness is just another parameter to be determined from the available spectroscopic data. The nature of the thinfilm reflection spectra is the following: Major features such as maxima and minima are defined mainly by the optical thickness of the film n f t rather than by the index n f and thickness t. This principle works, for example, for creating antireflection coatings. In practice, both refractive index and thickness could vary; as a result, there might be quite a large range of film indices and values of thickness that produce essentially the same simulated spectra.
To illustrate this, let us calculate R 0 ͑͒ for a thinfilm structure with n c ϭ 1.0, n f ϭ 2.05, n s ϭ 1.76, ϭ 1͞, and t ϭ 4.08 m. The resulting calibrating reflectance curve is presented in Fig. 6 . The numbers were chosen to be close to those found in the analysis given in Section 4. Then we allow n f and t to vary and calculate the difference numerically:
Obviously, we have ϭ 0 at n f ϭ 2.05 and t ϭ 4.08 m. By setting ϭ 0.005, which corresponds to an average 0.5% deviation of the stimulated reflection spectrum from the calibrating reference spectrum, we found quite a large area on the n f -t plane in Fig. 7 showing values of n f and t that fit the reflectance spectrum equally well for ϭ 0.01. It is necessary to note that the index can vary from 2.005 to 2.095 ͑n f ϭ 2.05 Ϯ 0.045͒, and the film thickness at the reference can vary from 3.98 to 4.18 m ͑t ϭ 4.08 Ϯ 0.10 m͒. By artificially fixing the thickness at the reference value t ϭ 4.08 m, the variation of the index could be strongly reduced: n f ϭ 2.05 Ϯ 0.005. Thus about one order of magnitude better accuracy can be achieved if there is an independent method to find the film thickness. An analysis of the spectroscopic data alone cannot be used to fix the value of the film thickness. The problem could be solved by applying some theoretical models for thin-film parameters. If we know in advance that the Sellmeier dispersion formula or the Cauchy expressions could fit refractive index change in the wide spectral region, we could obtain film thickness with high accuracy. Unfortunately, if we work with a new material we do not know which model will work for that particular new film.
Thus we must use a model-independent approach. The great advantage of waveguide measurements is that even a single measurement could bring measurement accuracy greater than 0.05% from the absolute value of film refractive index. We propose to find the film thickness by using our waveguide method, and then rely on this value during the analysis of the spectroscopic data.
Simplicity and a practical approach are two main features of the proposed method: We made a single measurement of the waveguide modes, we used a characteristic equation for a homogeneous optical thin-film waveguide, we used a simple math procedure to obtain the waveguide refractive index, and we took direct Fresnel formulas for calculation of optical constants in a wide spectral region. From a practical point of view it is important that we do not have exact information about films prior to starting our investigation.
As a result, we could define the optical film with high accuracy without knowledge of the real film thickness as well as any dispersion model that could fit the film refractive index. This procedure is universal, and it could also be applied to different waveguides: Al x In 1Ϫx N waveguides and SiO x N 1Ϫx waveguides. Getting exact values of the refractive index in the wide area allows us to use it in the design of different photonic devices.
Discussion
A model-independent method for the determination of parameters for guiding thin films has been developed. Dispersion properties of thin films could be found by using one of the dispersion models: the Sellmeier dispersion formula or the Cauchy expressions, for example. However, for many important practical cases, especially for new materials, we do not know which dispersion model will work better for the investigated film. Usually we do not have an exact value of the thickness as well. To solve this problem we use the waveguide measurement of the refractive index for the film. The spectroscopic measurements will be done as a next step. However, unlike the traditional approach, we are not fixing the film thickness or inserting a dispersion model to gain good accuracy: We are using experimentally proven values.
Conclusions
The method developed in this paper does not require any preliminary information about the film to be investigated. We do not need dispersion models for determining refractive index, nor do we need to know the film thickness. From an experimental point of view it combines two types of measurements: characterization of optical constants in the side spectral region by spectroscopy and accurate determination of a film's refractive index and thickness at several wavelengths by the waveguide method. Spectroscopic measurements allow a determination of the n*t relation in the wide spectral region. The traditional approach is to apply some dispersion model or to fix the film thickness to obtain better optical parameter results. Another approach has been proposed in this work: By using an improved waveguide technique we could define very precisely the refractive index of a film at some defined wavelengths. Having the spectroscopic data we obtained the dispersion properties for the investigated optical film in a wide spectral area.
